Heat stroke is the outcome of over heat stress that results in multiorgan dysfunction with a tendency for central nervous system damage. Brain is very sensitive to hyperthermia, especially the cerebellum that has selective vulnerability to heat stroke. There is complex interaction between heat cytotoxicity, coagulation disorder, cytotoxine -mediated systemic inflammatory response causing multiorgan failure, metabolic derangement, and circulatory insufficiency. We reviewed the literature and discussed brain MRI and MR spectroscopy findings of heat stroke, detailed the pathophysiology underlying brain involvement and proposed excitotoxic injury as an alternative mechanism of brain damage in heat stroke.
Introduction
Heat stroke, defined by a body temperature higher than 40 ºC, is a medical emergency that can cause changed mental status and corruption of multiple organ systems (1, 2) . Exposure to high temperature could be passive in high environmental temperatures or exertional while performing strenuous work or drug induced such as topiramate, alcohol, amphetamines, and ecstasy (3). The major incidence of heat stroke deaths happens in very young or elderly people during summer heat waves. Young, hearty people may experience exertional heat stroke while performing tiring physical activity in temperate or hot climates (2) . Elements that predispose to heat stroke collapse include pre -existing illness, cardiovascular disease, drug use (anticholinergics, antidiuretics, ecstasy, and alcohol), and poor fitness level (2) . Rapid cooling, support of multi-organ function and treatment of disseminated intravascular coagulation and sepsis are the most effective clinical treatments, but approximately 30% of heat stroke survivors prove continuous reductions in neurological and peripheral tissue function despite these efforts (1, 2) .
Central nervous system abnormalities are common in the literature (Table 1 ) since the brain is very sensitive to hyperthermia, especially cerebellum, because cerebellar Purkinje cells have selective vulnerability to heat stroke (4) (5) (6) . There is complicated interaction between heat cytotoxicity, coagulation disorder, cytotoxine -mediated systemic inflammatory response causing multiorgan faliure, metabolic derangement and circulatory insufficiency (3, 7) . Brain lesions in heat stroke on MRI are bilateral and symmetrical in most cases (8) . Diffuse cerebellar edema, cortical edema especially in the vascular boundary zone and lesions in the external capsules, hippocampus, thalamus, brain stem and white matter were reported on MRI (1, (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) .
We reviewed the literature and discussed brain MRI and MR spectroscopy findings of heat stroke, detailing the pathophysiology underlying the brain involvement and proposing excitotoxic injury as an alternative mechanism of brain damage in heat stroke.
Case Presentation
A four -year -old boy was admitted to our emergency clinic suffering from unconsciousness, vomiting, and fever. His highest fever was 39 ºC on his records. On physical examination, he was unconscious, having no verbal response and his Glasgow coma scale was 8. On admission, contrast -enhanced brain MRI and MR spectroscopy were performed using a 1.5 T whole -body superconducting MRI machine (Siemens, Avanto, Erlangen, Germany) with a head and neck coil. Multivoxel MR spectroscopy was performed by using the point -resolved two -dimensional chemical shift imaging -point -resolved spectroscopy (CSI -PRESS) [ control MRI showed increased diffusion compared to the previous measurements. Edema and hyperintense signal changes were greatly decreased on FLAIR and T2 weighted images. On follow-up spectroscopy there were no glutamate/glutamine peaks but increased Cho peaks and Lac peak were still visible ( Figure 2 ). For treatment of the patient, at first, fever was lowered by antipyretics. Antibiotics (ceftriaxon and clindamycin) were given for pansinusitis and otomastoiditis. The left ear was also drained via myringotomy. Acyclovir was also given for suspicion of viral encephalitis at the beginning. Two weeks later, the patient was discharged with clinical well being.
Discussion
Heat stroke is a medical emergency. It is described as a body temperature of > 40°C that concludes changed mental situation and multiorgan dysfunction. Although the body temperature passes over a critical temperature at the time of collapse, in many cases lower temperatures are listed because the first reading may be delayed, applied by untrained personnel or evaluated incorrectly. The diagnosis of heat stroke should be thought of unless another cause is obvious (4). Heat -stroke can induce various different responses within the body that lead to neurologic dysfunction, such as decreased cerebral perfusion and aberrations in coagulations (1) . At first, during hyperthermia, peripheral vasodilatation prevails to simplify heat loss through the skin. A compensatory vasoconstriction of the splanchnic and renal vasculature happens to avoid functional hypovolemia and causes symptoms of nausea, vomiting, and diarrhea. Combined with a failure of splanchnic vasoconstriction and decreased mean arterial pressure, cerebral blood flow decreases. This results in cerebral ischemia. During splanchnic vasoconstriction, ischemia increases bowel permeability. Gut bacteria produce endotoxin that infiltrate the bloodstream due to the increased gut permeability began by bowel ischemia. It is suggested that this endotoxin release results in an extreme inflammatory acute -phase response similar to sep- Figure 1 . A 4 -year -old boy was admitted to our emergency clinic suffering from unconsciousness, vomiting and fever. On admission MRI, axial T2 (A, B, C, D) and FLAIR (E, F) images show bilateral symmetric hyperintense edematous changes in thalami and external capsules on A, Superior cerebellar peduncles (thin long arrows) and decussation of superior cerebellar peduncles (short arrows) on B and E, Hippocampi on B, C and E, Hypothalami (thick arrow on E), along tegmental tracts (long thin arrows on C, D and F), corticofugal fibers (black arrow on D) and lemniscal pathways (short arrows on C, D, F), and in the cerebellum on D, and F. The nodule (long thick arrow on F) of cerebellar vermis are seen more hyperintense compared to the rest of the cerebellum. There is associated diffusion restriction on diffusion weighted imaging (DWI) (G, H, and I) and corresponding apparent diffusion coefficient (ADC) maps (J, K, and L) in the external capsule, brain stem tracts and cerebellum. Mean ADC measurements from the external capsule (478 × 10 ing the body temperature. Excessive production of cytokines can disrupt the blood brain barrier that results in vasogenic edema. Cerebrovascular congestion and cerebral edema happen with the hyperthermia, causing an increase in intracranial pressure. An aberration in coagulation is caused by the reduction in protein C, protein S, and antithrombin III, as well as changes in vascular endothelium, creating a pattern like sepsis and disseminated intravascular coagulation. This can cause small infarctions and hemorrhages within the brain, resulting in neurologic dysfunction. All these physiologic processes happen concomitantly, causing the common result of neuronal dysfunction. The central nervous system dysfunction results in delirium, convulsion or coma (1, 2, 4, 8, 9, 16, 20) . Rhabdomyolysis and multiorgan failure are other serious complications of heat stroke (6).
Damage to the brain caused by heat stroke is multifactorial. Heat itself is directly cytotoxic to the cells. Circulatory insufficiency can cause hypoxic ischemic findings. Excessive production of cytokines can disrupt the blood brain barrier that results in vasogenic edema. Microthrombosis due to disseminated intravascular coagulaIran J Radiol. 2018; 15(3):e62386. 5 tion can result in small vessel ischemic damage. Metabolic derangement can result in osmotic myelinolysis (2, 6, 8) .
Although the pathophysiologic mechanism of neuronal harm is clearly understood and known to occur in heat stroke, MR imaging of this situation is rare (1). In the literature, there are various reports on brain involvement in patients with heat stroke. The mostly reported findings were T2/FLAIR and DWI hyperintensity, representing either vasogenic or cytotoxic edema depending on the their appearance on ADC maps, in the cerebellum, thalamus, external capsule, cerebellar dentate nucleus, hippocampus, splenium of corpus callosum, gray matter of frontal, parietal and occipital cortex at vascular boundary zones and brainstem (Table 1) (1, 3-18) . Involvement of basal ganglia was reported very rarely (1, 3, 12) . Small millimetric foci were reported in the supratentorial white matter suggesting small vessel disease secondary to microthrombosis. Involvement of vascular boundary zones suggest circulatory disturbance in heat stroke. Brain MRI findings are usually bilateral and symmetric, except for a few cases (4, 8, 12) . Cerebellar, mesencephalon and thalamic involvement are common and theorized to occur secondary to deafferentation of tracts exiting from the cerebellum. Dentarubral and dentathalamic tract are affected following cerebellar injury. This is why signal abnormalities are common in mesencephalon especially in superior cerebellar peduncles and decussation of superior cerebellar peduncles (central tegmental region of midbrain) and intralaminar and ventrolateral thalamic nuclei where tracts from the cerebellum project into (5, 16). Paraventricular thalamic involvement was also reported (1). Pontine involvement was reported and proposed to occur secondary to osmotic myelinolysis that is seen in heat stroke by electrolyte imbalance (1). Hippocampal involvement is probably the result of circulatory imbalance and hypoxic ischemic event. Midline cerebellum, especially the vestibulocerebellar region was proposed to be more affected by heat stroke upon the downbeat nystagmus, which was the sole clinical finding of cases with heat stroke (14, 19) .
In our case, cytotoxic edema was noted in cerebellar cortices, along the corticofugal fibers, lemniscal pathways and tegmental tracts of the brain stem, in the external capsules, thalami, hippothalami, and hippocampi with acute pansinusitis and bilataral granulomatous otitis. Cytotoxic edema occurs when the cells are injured and swollen. Swollen cells hinder movements of protons in extracellular spaces, resulting in diffusion restriction. Cytotoxic edema due to diffusion restriction appears hyperintense on DWI and hypointensite on the corresponding ADC maps. Brain signal changes were bilateral, symmetric and nonenhancing. On MR spectroscopy, glutamine/glutamate peaks were present at 2.4 ppm and at 3.8 ppm. We evaluated peak signals visually. This is our limitation, as we did not perform any analysis such as curvefitting method for quantification of metabolite peaks. In differential diagnosis, symmetrical involvement of brain stem, thalami and external capsule lead us to think of mitochondrial diseases and osmotic myelinosis at first. There is no history of hyponatremia nor recent fluid overload to suggest osmotic myelinolysis. Moreover, cytotoxic edema is atypical for osmotic myelinolysis. On the other hand, McLaughlin et al. and Sudhakar et al. suggest that heat stroke itself can cause serum electrolyte imbalance and osmotic myelinolysis (1, 4) . Therefore, in our case, we cannot exclude the contribution of osmotic myelinolysis into brain MRI findings. We could not exclude the possibility of mitochondrial disease until the negative test results for mitochondrial disease arrived although external capsule involvement is unusual for mitochondrial diseases. Because of external capsules and cerebellar involvement, lead toxicity was questioned (21) . Blood lead level was normal and there were no radiodense lines (lead lines) at the metaphysis of the long bones to suggest any current and previous lead exposure respectively. Meanwhile, biochemical panel for metabolic diseases were all negative. Cerebellar, deep gray matter, midbrain involvements were also suggestive of hepatic encephalopathy and Wilson disease. Moreover, glutamine/glutamate peaks can be seen in hepatic encephalopathy. Neither hepatic encephalopathy nor Wilson disease was present in our case (1) . Uvulae and nodule of cerebellar vermis were more severely affected compared to the rest of the cerebellum in our case. Together with hypothalamic involvement, thiamine deficiency could be suspected, but there was no thiamine deficiency in our case. B12 deficiency, hypomagnesemia or drug abuse, which may affect vestibulocerebellum, were not present (14, 19) . Involvement of external capsules and cerebellum as well as acute pansinusitis and bilateral granulamatous otomastoiditis guide us to think heat stroke as the cause of the brain MRI findings. Hippocampus and cerebellar cortical involvement could be part of hypoxic ischemic encephalopathy since heat stroke itself can cause hypoxic ischemic injury as well as the fact that cerebellum and hippocampus are vulnerable to that. However, white matter tract is resistant to hypoxic ischemic injury. We cannot exclude the contribution of hypoxic ischemic injury due to heat stroke, but all lesions in the brain cannot be explained by hypoxic ischemic injury alone.
On MR spectroscopy, glutamine/glutamate peaks both at 2, 4 and 3.8 ppm levels suggest excitotoxic brain injury in heat stroke. It could be the result of high body temperature or heat related hypoxic ischemic injury (1) . Glutamate excitotoxicity during cerebral ischemia happens when a large amount of glutamate is released from the brain tis-6
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sue into the extracellular space (20) . There are a few studies in the literature proposing the possible role of excitotoxic injury in heat stroke (3, 18) . In an animal study, Campos et al. showed that during the acute phase of stroke, pharmacological modulation of glutamate levels could neutralize the deleterious effects of hyperthermia as well as beneficial effects of hypothermia. They stated that glutamate excitotoxity is more critical than the effects of inflammatory response and metabolic rate on ischemic damage (22) . MR spectroscopy findings in heat stroke have been reported in eight cases with low NAA/Cr value in all and elevated Lac peak in two of them after heat stroke compared to that of age matched controls (18) . They found significant positive correlation between NAA/Cr ratios and Glasgow coma scale scores of patients. Excitotoxic injury could be another mechanism underlying heat stroke. This possibility may change the treatment approach since pharmacological modulation of glutamate levels in the brain through systemic injections may neutralize the deleterious effects of hyperthermia to the brain.
Excitotoxicity is extreme glutamatergic activation of postsynaptic receptors which causes cell injury and cell death. Glutamate is a main excitatory amino acid neurotransmitter in the central nervous system that mediates fast synaptic transmission and rules synaptic plasticity, learning and memory and other cognitive functions. However, large amounts of it can make severe damage if it accidentally leaks out of the brain tissue. In physiological situations, the presence of glutamate in the synapse is regulated by ATP -dependent glutamate transporters in neurons and glial cells. In pathologic terms, the role of transporters is impaired, which results in glutamate accumulation in the synaptic cleft and in turn excessive activation of postsynaptic glutamate receptors with next massive Ca 2+ influx. Impaired calcium homeostasis makes nitric oxide synthesis, mitochondrial dysfunction, free radical production and programmed cell death which result in progressive neurodegeneration (20, 22, 23) .
In conclusion, heat stroke is critical illness caused by hyperthermia, and symmetric involvement of the cerebellum, midbrain, external capsule, thalamus and hippocampus are typical. Low NAA/Cr ratios and lactate elevation was reported after heat stroke. There are many theories behind the pathophysiology of brain imaging findings of heat stroke: heat itself, circulatory insufficiency, impairment of the blood brain barrier by excessive production of cytokines, microthrombosis and osmotic myelinolysis. MR spectroscopy findings of our case showed us glutamine/glutamate peaks at 2.4 ppm and 3.8 ppm, suggesting excitotoxic injury. Excitotoxic injury could be another mechanism underlying heat stroke.
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